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FOREWORD 

The work r e p o r t e d  i n  t h i s  document was performed by t h e  Boeing 
Vertol Company f o r  t h e  Na t iona l  Aeronau t i c s  and Space Administra-  
t i o n  - A m e s  Research Center  under C o n t r a c t  NAS2-10769 d u r i n g  
t h e  p e r i o d  December 1980 through October 1981. 

The NASA Techn ica l  Monitor was Mr. Robert  H .  S t r o u b ,  and t h e  
Boeing Program Manager was Mr. Harold Rosens te in .  The Boeing 
P r o j e c t  Engineer  was Mr. Michael A. McVeigh. 
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ABSTRACT 

A wind tunnel test of a 16.8 foot model of a rotor having 
passively-controlled pivotable tips is described. Performance 
and vibratory hub loads data are presented, which compare the 
performance of the rotor with the tips free and fixed. A brief 
analysis of the experimental findings is included. 
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A wind tunne l  t e s t  of a 16.8 f o o t  diameter model of a f r e e  t i p  
r o t o r  i s  descr ibed.  The test  was conducted a t  f u l l - s c a l e  t i p  
speeds up t o  an advance r a t i o  of 0 . 4 .  Measurements were made 
of t he  r o t o r  v ib ra to ry  hub loads  and performance, both wi th  t h e  
t i p s  f r e e  t o  ope ra t e  and with  them locked. I t  was found t h a t  
t h e  4/rev v ib ra to ry  r e s u l t a n t  in-plane loads  were reduced when 
t h e  t i p s  were f r e e ,  bu t  t h a t  power requi red  and t h e  v e r t i c a l  
4/rev loads  were g r e a t e r  than with  t h e  t i p s  locked. Analysis  
of t h e  d a t a  showed t h a t  t h e  reduced performance was a t t r i b u t a b l e  
t o  t he  f r e e  t i p  opera t ing  a t  ang les  of a t t a c k  wel l  beyond t h e  
a n t i c i p a t e d  value.  This r e s u l t e d  i n  excess ive  t i p  drag and in -  
creased power. 

Detai led performance d a t a  and c r o s s  p l o t s  of t h i s  d a t a  a r e  pre- 
sented i n  appendices. 
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1.0 INTRODUCTION 

1.1 Basic  Concept -- 
The c o n s t a n t - l i f t  t i p  r o t o r  concep t  u s e s  a  b l a d e  t i p  segment t h a t  
i s  p a s s i v e l y  c o n t r o l l e d  i n  p i t c h  i n  such a  wav t h a t  each t i p  oper -  
a t e s  a t  e s s e n t i a l l y  c o n s t a n t  l i f t  as  t h e  b l a d e  moves around t h e  
azimuth. The p r i n c i p l e  of  o p e r a t i o n  i s  i l l u s t r a t e d  by F i g u r e  1.1 
which snows a  r o t o r  b l a d e  whose t i p  i s  f r e e  t o  r o t a t e  abou t  a  
p i v o t .  

I n  o r d e r  f o r  t h e  t i p  t o  o p e r a t e  a t  e s s k n t i a l l y  c o n s t a n t  l i f t ,  i t  
is  p ivo ted  ahead of  i t s  own aeroaynamic c e n t e r ,  w i t h  t h e  b l a d e  
balanced so t h a t  t h e  c.g.  l ies on t h e  p i v o t .  I f  a nose-hp cont rc \ l -  
l i n g  moment i s  now s u p p l i e d  t o  t h e  t i p  v i a  t h e  p i v o t ,  t h e  t i p  
develops  p o s i t i v e  l i f t  and a  nose-down p i t c h i n g  momen+, t h a t  grows 
u n t i l  t h e  p ivo t - supp l i ed  moment i s  c a n c e l l e d .  By des ign ing  t h e  
p i v o t  mechanism t o  supply  a  moment t h a t  i s  c o n s t a n t  ( independent  
o f  azimuth and t i p  d e f l e c t i o n ) ,  t h e n  t h e  t i p  i s  f o r c e d  t o  f l y  a t  
c o n s t a n t  l i f t .  

The freedom t o  r o t a t e  e n s u r e s  t h a t  t h e  inboard  b l a d e  w i l l  b e  
i s o l a t e d  from t h e  t i p  t o r s i o n a l  l o a d s .  I f  t h e  t i p  w e r e  s o  de- 
s igned  t h a t  it w o ~ l d  o p e r a t e  a t  a  p r e s c r i b e d  l i f t  l e v e l  independ- 
e n t  of  azimuth,  then  t h e  t ip - induced  v e r t i c a l  and t o r s i o n a l  v i b r a -  
t o r y  l o a d s  would be e l i m i n a t e d .  T h i s  c o u l d  c o n t r i b u t e  s i g n i f i -  
c a n t l y  t o  t h e  a l l e v i a t i o n  o f  h e l i c o p t e r  v i b r a t i o n .  

A f u r t h e r  b e n e f i t  of  the c o n s t a n t  l i f t  f e a t u r e  i s  a  p o t e n t i a l  i m -  
pxovement i n  r o t o r  l i f t - t o - e f f e c t i v e  d r a g  r ? t i o ,  L/D,. On a  con- 
v e n t i o n a l  r o t o r  t h e  t i p  is  n e g a t i v e l y  loaded on t h e  advancing 
s i d e  whi le  ma in ta in ing  h igh p o s i t i v e  l i f t  on t h e  r e t r e a t i n g  s i d e .  
With t h e  c o n s t a n t - l i f t  ( f r e e  t i p )  concep t ,  t h e  advancing s i d e  i s  
p o s i t i v e l y  loaded,  which shou ld  improve L,'De. 

1 .2 A n a l y t i c a l  -- S t u d i e s  

A t h e o r e t i c a l  e v a l u a t i o n  of t h e  c o n s t a n t - l i f t  t i p  r o t o r  i s  re-  
por ted  i n  Reference 1. The a n a l y s i s  used was V-7, a  modif ied  
v e r s i o n  of Boeing V e r t o l  Program C-60. The math model Incorpor-  
a t e d  t h e  fo l lowing  f e a t u r e s :  

1. Blade element theory  us ing  a i r f o i l  l i f t ,  d r a g ,  and p i t c h -  
i n g  moment t a b l e s  t h a t  i n c l u d e  s t a l l  and c o m p r e s s i b i l i t y .  

2 .  Unsteady aerodynamics e f f e c t s .  

3 .  Monuniiorm downwash based on a  p r e s c r i b e d  wake. 

4 .  Motion of t h e  f r e e  t i p  ob ta ined  by s o l v i n g  t i p  
equa t ion  o f  motion. 

SHEET 1.1 
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5. Fully-coupled f l a p / p i t c h  motion of t h e  b l a d e  w i t h  
e l a s t i c  f l a p  and chord d e f l e c t i o n s  and e l a s t i c  t o r s i o n .  

This  program was a p p l i e d  t o  p r e d i c t  t h e  performance o f  a  hypo- 
t h e c i c a l  f r e e - t i p  r o t o r  having t h e  fo l lowing  f e a t u r e s :  

Radius 
Chord 
T ip  Span 
P i v o t  Loca t ion  
C.G. Locat ion  
T ip  Speed 
Twis t  

( Root-to-Tip) 
No. o f  Blades 

= 25.5 f e e t  
= 1.563 f e e t  
= 18.36 i n c h e s  (6% r a d i u s )  
= 13% chord  
= 13% chord  
= 704 f t / s e c  
= -8O l i n e a r  

The performance was c a l c u l a t e d  wi th  t h e  t i p  f i x e d  and f r e e  producing 
t h e  same r o t o r  l i f t  and p r o t u l s i v e  f o r c e ,  CT/U = .073, = .108. 
The r e s u l t s  showed t h a t  t h e  f r e e  t i p  r e q u i r e d  c o n s i d e r a b l y  less 
power than  t h e  conven t iona l  r o t o r .  A t  160 kno t s  t h e  s a v i n g s  was 
11% and a t  130 kno t s  t h e  p e r c e n t  g a i n  was 2 4 % .  

1 . 3  Rotor  Design 

On t h e  b a s i s  o f  t h i s  p r o j e c t e d  i n c r e a s e  i n  aerodynamic perform- 
ance ,  a  f e a s i b i l i t y  s t u d y  was made of  a  c o n s t a n t  l i f t  t i p  r o t o r  
system. The s t u d y  was done i n  s u f f i c i e n t  d e t a i l  t o  i d e n t i f y  t h e  
s t r u c t u r a l  c o n c e p t ,  method o f  a t t achment land  m ~ t e r i a l s .  The 
s tudy  was t h e n  extended t o  i n c l u d e  t h e  d e s i g n ,  ' a b r i c a t i o n  and 
test o f  a wind t u n n e l  model o f  t h e  f r e e  t i p  r o t v r  having a  5% 
r a d i u s  f r e e  t i p .  The d e s i g n  e f f o r t  is r e p o r t e d  i n  Reference ( 2 )  . 
The wind tunne l  tes t  i s  d e s c r i b e d  i n  t h i s  r e p o r t .  

, .  SHEET 1 . 3  
i 
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2.0 MODEL DESCRIPTION 

2.1  Free Tip 

An e x i s t i n g  four-bladed, 16-foot d iameter ,  Hach-scaled model of 
t h e  CH-47C r o t o r  was s e l e c t e d  f o r  modi f ica t ion  t o  t h e  f r e e  t i p  
design.  This  r o t o r  had been prev ious ly  modified t o  test  a 4.8 
inch (5% r a d i u s )  tapered t i p  extension.  The tapered  t i p  exten- 
s ion  was removed and a s t e e l  p i t c h  s h a f t  i n s t a l l e d  a t  13% chord 
t o  c a r r y  t h e  f r e e  t i p  (see Figure  2 .1) .  The steel s h a f t  had a 
h e l i c a l  groove c u t  i n t o  it. This  groove accepted a cam fo l lower  
p in  which was i n s e r t e d  through t h e  lead ing  edge of t h e  f r e e  t i p .  
The p i n  w a s  he ld  i n  p lace  by a r e t a i n i n g  screw. This  arrangement 
allowed the  t i p  t o  p i v o t  f r e e l y  w i th in  t h e  l i m i t s  of t h e  groove 
and s t i l l  remain captured by t h e  s h a f t .  To minimize f r i c t i o n ,  
t h e  cam fol lower  p in  and groove were l u b r i c a t e d  by a dry l u b r i c a n t  
Dry-lube bushings guided t h e  p i t c h i n g  motion of t h e  t i p  s e c t i o n .  
Provis ion was made t o  lock  o u t  t h e  t i p  motion by removing t h e  cam 
fol lower  p ins  and r ep l ac ing  them with lock ing  p ins .  

2.2 Tip Construct ion 

The f r e e  t i p  had a V23010-I58 a i r f o i l  wi th  a 5.8 pe rcen t  chord 
t a b  added t o  match t h e  b a s i c  b lade  a i r f o i l .  The t i p  was con- 
s t r u c t e d  of  Nomex core  and magnesium s p a r  covered with  f i b e r g l a s s .  
The upper su r f ace  had a 0.0005-inch t h i c k  Mylar cover t o  prevent  
a i r  t r a n s f e r  from t h e  lower t o  t h e  upper su r f ace .  The spa r  was 
provided with  one permanently-mounted 1/4-inch diameter tantalum 
balance weight i n  t h e  nose and fou r  3/16-inch diameter ho l e s  sym- 
m e t r i c a l l y  arranged about t h e  p i v o t  l i n e .  By i n s e r t i n g  tantalum 
rods i n  t hese  ho le s ,  t h e  t i p  mass, i n e r t i a ,  and chordwise cen te r -  
o f -grav i ty  could be va r i ed .  Table A-1 of Appendix A l is ts  t h e  
values  of t he se  q u a n t i t i e s .  

2.3 Tip Ins t rumentat ion 

The t i p  p i t c h  s h a f t  on one blade only  was provided with  f l a p  and 
chord bending gauges a s  s a fe ty -o f - f l i gh t  ins t rumenta t ion .  The 
angle  of t h e  t i p  r e l a t i v e  t o  t h e  main blade was measured by a 
Hal l -e f fec t  device .  This device  uses  a remote magnetic f i e l d  t o  
modulate an e l e c t r i c  c u r r e n t  through a semi-conductor. The source  
magnet was placed i n  t h e  moving t i p  and t h e  sensor  bonded t o  t h e  
main blade.  The advantage of t h i s  method of measuring t h e  t i p  
angle is  t h a t  t h e r e  i s  no s i g n a l  no i se ,  o r  wiper p re s su re  f r i c t i o n  
and wear a s soc i a t ed  wi th  potent iometer  arrangements. One s l i g h t  
disadvantage is  t h e  nonl inear  ( s i n u s o i d a l )  ou tpu t  of t h e  Hal l  de- 
v i ce ,  which r e q u i r e s  a nonl inear  c a l i b r a t i o n  a lgor i thm i n  t h e  
d a t a  reduct ion process .  

2.4 Main blade and Tes t  Stand 

The main blade was a 16-foot diameter model CH-47C r o t o r  b lade  

FORM 46204 (2 I O b )  
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having a 6.73-inch chord, a cons t an t  V23010-1.58 a i r f o i l ,  and -9 
degrees of l i n e a r  t w i s t  from c e n t e r  of  r o t a t i o n  t o  t h e  t i p  
( r  = 8 ' ) .  The test  s t and  was t h e  Dynamic Rotor T e s t  Stand (DRTS) 
which incorpora tes  an e l e c t r i c a l  power supply and a 6-component 
balance.  Figure 2.2 p re sen t s  a photograph of  t h e  complete r o t o r  
wi th  f r e e  t i p  and Figure  2.3 p re sen t s  a close-up o f  one of  t h e  
t i p s .  The p r i n c i p a l  p r o p e r t i e s  of t h e  b l ade  are summarized below. 

Radius 
N o .  of  b lades  
Chord 
S o l i d i t y  
T w i s t  ( c en t e r  of  

r o t a t i o n  t o  t i p )  
A i r f o i l s  
Cutout 
F lap  Hinge 
Weight Moment about 

Flap Hinge 
I n e r t i a  about F lap  Hinge 

8.4 f t .  
4.0 
6.73 inches  ( cons t an t )  
0.085 

-9.45 degrees  
V23010-1.58 ( cons t an t )  
O.l825R 
0.031R 

34.5 f t .  l b  
4.55 s l u g s  f t 2  

Ins t rumentat ion f o r  t h e  main blade cons i s t ed  of 6 f l a p  bending 
gauges, 2 chord bending gauges and 1 t o r s i o n  gauge placed a s  in -  
d i ca t ed  i n  Table 2 . 1 .  Blade motion about t h e  h o r i z o n t a l  and 
v e r t i c a l  p in s  was cont inuously  measured by t ransducers  placed a t  
t h e  f l a p  and l a g  hinges of t h e  instrumented blade.  
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TABLE 2.1 

LOCATION OF BLADE STRAIN GAUGES 

Torsion 

GAUGE 

F O Q U  4 6 2 8 4  1: 66) 
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3.0 DATA ACQUISITION 

The wind t u n n e l  t e s t  of  a  r o t o r  r e q u i r e s  t h e  measurement o f  n e t  
r o t o r  f o r c e s  and moments, r o t o r  c o n t r o l  p o s i t i o n s  and b l a d e  l o a d s  
a lmost  s imul taneous ly .  To a c h i e v e  t h i s ,  t h e  d a t a  i s  s e n s e d ,  
m u l t i p l e x e d ,  p rocessed ,  then  s t o r e d  on magnet ic  t a p e  and/or  
p r i n t e d .  Computed r e s u l t s  i n  s t a n d a r d  e n g i n e e r i n g  u n i t s  and co- 
e f f i c i e n t  format  a r e  t a b u l a t e d  by a  l i n e  p r i n t e r  and s e l e c t e d  
v a r i a b l e s  a r e  p l o t t e d  by t h e  X-Y p l o t t e r s .  F i n a l  d a t a  i s  stored 
on magnetic  t a p e  f o r  a d d i t i o n a l  p r o c e s s i n g .  

A c o n t r o l  pane l  d i g i t a l  d i s p l a y  o f  n i n e  channe l s  o f  p rocessed  
d a t a  is a v a i l a b l e  f o r  s e t t i n g  up model tes t  c o n d i t i o n s  and mon- 
i t o r i n g  purposes d u r i n g  t h e  t e s t i n g .  Dynamic d a t a  of  s i x  quan- 
t i t ies  i s  con t inuous ly  d i s p l a y e d  on o s c i l l o s c o p e s  t o  p r o v i d e  
a s s i s t a n c e  i n  p r e v e n t i n g  model b a l a n c e  o r  r o t o r  s t r u c t u r a l  l i m i t s  
from being exceeded. 

A d a t a  r e d u c t i o n  program t rans fo rms  t h e  e l e c t r i c a l  s i g n a l s  and 
c a l c u l a t e s  t h e  v a r i o u s  t u n n e l  parameters  t o  be p r i n t e d  o n - l i n e .  
I n  a d d i t i o c  t o  t h e s e  i t e m s ,  t h e  maximum and minimum v a l u e s ,  mean 
v a l u e  and a l t e r n a t i n g  components 'of  each' selected b l a d e  load  
measurement a r e  c a l c u l a t e d  and t a b u l a t e d  o n - l i n e .  

Root f l a p  bending,  chord  bending and t o r s i o n  l o a d s ,  a s  w e l l  a s  
r o o t  f l a p  and l a g  a n g l e ,  a r e  ha rmonica l ly  analyzed up to  t h e  
f i r s t  n i n e  harmonics and t h e  r e s u l t s  a r e  l i s t e d  a l o n g  w i t h  t h e  
o t h e r  d a t a .  Fol lowing the t e s t ,  waveforms a r e  r e c o n s t i t u t e d  from 
t h e  dynamic d a t a  on t h e  magnetic  t a p e s .  

A t  each  test  p o i n t ,  measurements a r e  t aken  f o r  computing and 
t a b u l a t i n g  on- l ine  t h e  q u a n t i t i e s  l i s t e d .  The l i s t e d  b a l a n c e  
f o r c e s  and moments fo l low t h e  s i g n  convent ion  i l L u s t r a t e d  i n  
F igure  3.1. 

(a1 Tunnel and Model Parameters  

A i r  d e n s i t y ,  p s l u g s / f t 3  

Frees t ream dynamic p r e s s u r e ,  q 

Tunnel v e l o c i t y  ( c o r r e c t e d )  , b f  t/sec 

Tunnel s t a t i c  t empera tu re ,  Ts OF 

v Rotor  advance r a t i o ,  u' = - - 
R R 

Rotor c o l l e c t i v e  a n g l e ,  8 . 7 5  deg 

Rotor l a t e r a l  c y c l i c  a n g l e ,  A ~ ,  deg 
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Figure 3 . 1  Force and Moment Sign Convention 
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Tunnel and Model Parameters  ( con t inued)  - 
Rotor l o n g i t u d i n a l  c y c l i c  a n g l e ,  Blc 

Rotor r o t a t i o n a l  s p e e d ,  Q 

Rotor s h a f t  a n g l e ,  as 

Blade f l a p p i n g  a n g l e ,  0 

Blade l a g  a n g l e ,  c 

T o t a l  Loads Balance and Ins t rumented  S h a f t  

Axia l  f o r c e  ( t h r u s t ) ,  T 

Normal f o r c e ,  N F  

S i d e  f o r c e ,  SF 

P i t c h i n g  moment, PF 

Yawing moment, YM 

S h a f t  t o r q u e ,  Q 

F ~ r c e s  and moments from t h e  ba lances  are p r i n t e d  

deg 

RPM 

deg 

deg 

deg 

l b  

l b  

l b  

f t - l b  

f  ti-lb 

f t - l b  

o n - l i n e  i n  en- 
g i n e e r i n g  u n i t s  a s  f o r c e s  and moments w i t h  t h e  wind-off ze ros  
removed, wi th  ba lance  i n t e r a c t i o n  c o r r e c t i o n s  a p p l i e d ,  and w i t h  
t h e  weight  t a r e s  removed. 

C o r r e c t e d  r o t o r  b a l a n c e  f o r c e s  and moments a r e  r e o r i e n t e d  i n t o  
s tdndard  a i r c r a f t  a x e s  system and t r a n s f e r r e d  o n - l i n e  t o  t h e  hub 
c e n t e r  s o  t h a t  moments cou ld  be e v a l u a t e d  i n  t h e  p lane  o f  t h e  
r o t o r .  The r e s o l v e d  s h a f t - a x i s  system hub f o r c e s  and moments a r e  
noted  i n  t h e  fo l lowing  l i s t  a long  w i t h  t h e i r  s i g n  convea t ion .  

Rotor Hub Forces/Moments ( S h a f t  Axes) 

T h r u s t ,  T ( p o s i t i v e  up) l b  

H f o r c e  ( p o s i t i v e  a f t )  l b  

S i d e  f o r c e  ( p o s i t i v e  t o  t h e  r i g h t )  l b  

Hub p i t c h i n g  moment ( p o s i t i v e  nose up) f t - l b  

Hub r o l l i n g  moment ( p o s i t i v e  advancing f t - l b  
t i p  down) 

Yawing moment ( Q f ,  f r i c t i o n  t o r q u e )  f t - l b  
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S i n c e  t h e  hub-generated f o r c e s  and moments a r e  inc luded  i n  t h e  
measured ' r o t o r 1  c h a r a c t e r i s t i c s ,  it i s  necessa ry  t o  e s t a b l i s h  
hub t a r e s  and s u b t r a c t  them from t h e  main r o t o r  b a l a n c e  measure- 
ments. The hub t a r e s  a r e  o b t a i n e d  from blade-off  r u n s  conducted 
a t  t h e  normal o p e r a t i n g  speed.  The r o t o r  d a t a  is  redaced o n - l i n e  
i n  c o e f f i c i e n t  form i n  t h e  s h a f t  axas  system. Hub p i t c h i n g  
moment, hub r o l l i n g  moment and s i d e  f o r c e  a r e  r e t a i n e d  i n  t h e i r  
more meaningful  d imensional  form. 

T 
Main r o t o r  t h r u s t  c o e f f i c i e n t ,  CT/o = 

(where a is t h e  r o t o r  s o l i d i t y )  P ( Q R )  2 ~ o  

Main r o t o r  power c o e f f i c i e n t ,  Cp/a 

Rotor d a t a  is a l s o  reduced o n - l i n e  i n  the fo l lowing  e n g i n e e r i n g  
u n i t s  and non-dimensional forms i n  t h e  wind axes  system. Hub 
s i d e  f o r c e  components a r e  inc luded  when t h e  model i s  yawed. 

L i f t  t o  e q u i v a l e n t  d r a g  r a t i o ,  L/De 

Rotor l i f t  c o e f f i c i e n t ,  C ' T / U  = 
P ( n R )  2 ~ a  

X P r o p u l s i v e  f o r c e  c o e f f i c i e n t ,  --T- o r  T 
qd 

F igure  3 .2  p r e s e n t s  a  sample p r i n t o u t .  

F 0 9 U  l t ! .d4 . t t l  
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I I RUN TP V T U W  07us an01uh C l w  c l a  C h C  

1 

I 

... 
PUN TP C I t R  C Y 6 C T o  CPB C P a  C T ' b  

4 7  2 3.7JMSf-qA -5.  

I 
I 

P U ~  T P  c i ' r i  GIN c u e  c o c k  C O E P  1 /sn?ti 

47  2 3.4497F-CJ 
3 5 . l S l b t - ~ 3  

I 

- 

Figure 3.2 Sample P r i n t o u t  

Sheet 3 . 5  



NUMBER D210-11791-1 
REV LTR 

TEST PROCEDURE AND CONDITIONS 

T e s t  C e l l  Checkout 

4 . 1 . 1  Check on T ip  Freedom o f  Movement 

Before i n s t a l l i n g  t h e  r o t o r  i n  t h e  wind t u n n e l ,  t h e  model was 
f i r s t  checkeC f o r  s a t i s f a c t o r y  o p e r a t i o n  and f o r  freedom of  move- 
ment of t h e  t i p .  The check r u n s  were made i n  the model test  ce l l  
a t  g r a d u a l l y  i n c r e a s i n g  t i p  speeds  up t o  t h e  normal o p e r a t i n g  
speed of 700 f t / s e c .  A t  each  speed a j e t  of  compressed a i r  was 
used t o  e x c i - e  motion i n  t h e  f r e e  t i p  and t h e  response  was ob- 
served.  A t  low t i p  speed,  t h e  t i p  showed a h i g h l y  damped response  
such a s  t h a t  p resen ted  i n  F i g u r e  4.0a. A t  t h e  o p e r a t i n g  t i p  speed 
no n o t i c s a b l e  response  was o b t a i n e d ;  t h i s  is  a t t r i b u t e d  t o  i n -  
s u f f i c i e n t  impulse be ing imparted by t h e  a i r  j e t s  a t  t h e  n igh  t i p  
speeds.  

4 1 .2 Determinat ion of C o n t r o l l e r  F r i c t i o n  

Before a c t u a l  wind tunne l  t . e s t i n g  was begun, a check was made of  
t h e  f r i c t i o n  f o r c e s  a c t i n g  on t h e  p i v o t  mechanism w i t h  s i m u l a t e d  
c e n t r i p e t a l  and l i f t  l o a d s  a p p l i e d  t o  t h e  t i p .  Various spanwise 
loads  ( t o  s i m u l a t e  CF) were a p p l i e d  a t  t h e  t i p ,  c o - l i n e a r  wi th  t h e  
main s p a r .  The i n t t r n a l  f r i c t i o ~  of  t h e  t i p  p i v o t  mechanism was 
measu.-d a s  a f u n c t i o n  of  t h e  r e s u l t a n t  t o r q u e  on t h e  t i p .  The 
t o r q u e  was measured us ing  a s imple  c a n t i l e v e r  beam a t t a c h e d  t o  t h e  
t i p ,  a ~ d  a load  c e l l  a t t a c h e d  between t h e  end o f  t h e  beam and 
ground. 

Three s e p a r a t e  types  of load ing  were a p p l i e d  t o  t h e  t i p .  A pure  
spanwise lo& a p p l i e d  i n  inc rementa l  u n i t s  t o  s i m u l a t e  C F  l o a d ,  a 
combined load by applying a l o a d  i n  t h e  spanwise d i r e c t i o n  a t  an  
ang le  t o  t h e  main s p a r  a x i s .  A pure  spanwise load  was a p p l i e d  
a long wi th  a load  o r thcgona l  t o  the  main s p a r  & x i s  ( t o  s i m u l a t e  a 
pure l i f t  l o a d ) .  This  f i n a l  l o a d i n g  was performed t o  f i n d  t h e  
component of l i f t  a f f e c t i n g  the  measurement of  t o r q u s  through t h e  
load- l ink .  The t e s t  se t -up  Ls shown i n  F i g u r e  4.0b. 

Although t h e r e  was some hyz;dr?sis p r e s e n t  i n  t h e  measurement, 
t h e  t e s t  showed t h a t  t h e  f r i c t - o n  l e v e l  was a c c e p t a b l e  and s l i g h t 1 1  
lowe- than  t h e  expected  va lue .  

The r o t o r  and test  s t a n d  was then  removed from t h e  tes t  c e l l  and 
i n s t a l l e d  I n  t h e  Wind Tunnel.  Each r o t o r  t i p  c o n f i g u r a t i o n  was 
t e s t e d  us ing  t h e  fo l lowing procedure .  

4 . 2  Track and Balance 

The  r o t o r  was run up t o  o p e r a t i n g  rpm and t h e  b l a d e s  t r a c k e d  and 

FORM r e 2 8 4  12 :eat 
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balanced.  Balance was d e c l a r e d  a c c e p t a b l e  i f  t h e  r e s u l t a n t  i n -  
p l a n e  f o r c e  was less t h a n  10 pounds. 

4.3 Hover 

F l o o r  and c e i l i n g  were removcd and rpm sweeps were made i n  hover ,  
h o l d i n g  r o t o r  t h r u s t  c o e f f i c i e n t ,  CT, c o n s t a n t .  Fol lowing t h e  
rpm sweeps t h e  rpm was set t o  g i v e  t h e  r e q u i r e d  t i p  speed ,  and 
t h e  c o l l e c t i v e  v a r i e d  from - 4 O  i n  increments  of  lo up t o  t h e  maxi- 
mum a c h i e v a b l e .  T h i s  run  was t h e n  r e p e a t e d .  I n  t h i s  way, e x c e l -  
l e n t  d e f i n i t i o n  o f  t h e  Cp v s .  CT curve  was ach ieved .  A h i g h  de- 
g r e e  o f  d e f i n i t i o n  i s  r e q u i r e d  I n  o r d e r  t o  produce an  adequa te  
d e f i n i t i o n  of  r o t o r  f i g u r e  o f  m e r i t .  

4 . 4  Forward F l i g h t  

When t h e  hover t e s t i r i g  was complete t h e  t ~ n n e l  working s e c t i o n  
f l o o r  and c e i l i n g  were r e p l a c e d  ready f o r  t e s t i n g  i n  forward 
f l i g h t .  A l l  t e s t i n g  was conducted w i t h  s l o t t e d  f l o o r ,  c e i l i n g ,  
and s i d e  w a i l s .  

A t  s e l e c t e d  v a l u e s  of  advance r a t i o  ( u s u a l l y  0 . 2 ,  0 .3 ,  0 . 3 5 ,  0 . 4 )  
a t h r u s t  sweep a t  f i x e d  s h a f t  a n g l e  was made. C o l l e c t i v e  was 
i n c r e a s e d  u n t i l  l i m i t e d  by power, c y c l i c  c o n t r o l  a v a i l a b l e ,  b l a d e  
l o a d s ,  o r  b a l a n c e  l o a d s .  The r o t o r  was trimmed t o  g i v e  z e r o  
one-per-rev f l a p p i n g .  

T i p  speed sweeps a t  f i x e d  advance r a t i o  (I.I = .40) w e r e  made by 
v a r y i n g  rpm whi le  t u n n e l  speed was a d j u s t e d  t o  g i v e  t h e  advance 
r a t i o .  A c o n s t a n t  v a l u e  of  CT and was main ta ined  and t h e  r o t o r  
trimmed t o  ze ro  l / r e v  f l a p p i n g .  

4 . 5  Hub Tares  

In i s o l a t e d  r o t o r  tests,  t h e  hubs, p i t c h  arms, p i t c h  housings ,  and 
a t t achments  a r e  n o t  normally r e p r e s e n t a t i ~ e  of t h e  f u l l  s c a l e  
r o t o r  system and t h o s e  d i f f e r e n c e s  must be  accounted f o r  aerody- 
namical ly .  The c o n t r i b u t i o n s  frcm t h e  modcl b l a d e  p i t c h  arms, 
hous ings ,  and h u ~  were e s t a b l i s h e d  by t e s t i n g  ~ 4 t h  t h e  b l a d e s  xe- 
moved. The tests  covered  t h e  e n t i r e  r m g e  of  advance r a t i o s ,  
s h a f t  a n g l e s ,  and c o n t r o l  s e t t i n g s  l i k e l y  t o  be used d u r i n g  t h e  
test .  The v a l u e s  of t h e  hub t a r e s  were t h e n  s u b t r a c t e d  from t k e  
measured r o t o r  f o r c e s  t o  g i v e  t h e  b lades-only  f o r c e s .  

4.6 Run Loq - 
A copy of t h e  Wind Tunnel t e s t  e n g i n e e r ' s  Run Log i s  p r e s e n t e d  i n  
F igure  4 . 1 .  The nomenclature snd f l a g  n o t e s  used i n  t h e  Run Log 
a r e  d e f i n e d  i n  F i g u r e s  4 . 2  and 4 .3 .  
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Flaq Note Sumnary 

as - -20' t o  +lo0 by 3' 

e75 = 14.5' 2 4 '  

p A1 = 3.5O - + 2O 

Blt = 6.2' - + 2' 

CTI/CJ = .04, .06, .08, .09+ Max by .018s (Power L i m i t )  

Not Used 

Not Used 

0 8 = oO, -1 , -3O, -4O B s  
a: = -12, -9, -5, -2. +2, +4, +6, +7, a s  f o r  a u t o m t a t i o n  

a; = -5, -7, -9, -12, -2 

a; = -6O, - +2, +4 - about t r i r n , con tm l r  fixed 

u ' = .35, . X S ,  .375, .3375, .3625 k a s  = -50, -90. -11 

Not Used 

Not Used 

CT'/U = 0 -+ Max by .O1 (Power L i m i t )  

RPM = 400 + 850 by 50 

a, = 2, -5, -9 

Figure 4 . 2  Flag Note Summary 
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Component Descriptions 

K, = Basic D.R.T.S. - Nose Fa i r ing  On 

- 75:l Gear Box 

- Upper Stack Fa i r ing  

Bx = Blade Number X 

Wo = E x t r a  l i g h t  weight 

W, = Light  weight t i p  

W2 = Mid  m i g h t  t i p  

3 = No weights i n  t i p  

Figure 4.3 Component Descriptions 
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5.0 TEST RESULTS AND ANALYSIS 

The comple t e  t e s t  d a t a  on t h e  per formance  and v i b r a t o r y  l o a d s  of 
t h e  f r e e  t i p  r o t o r  are p r e s e n t e d  i n  d e t a i l  i n  Appendix A. T h i s  
s e c t i o n  summarizes t h e  main r e s u l t s  o f  t h e  test  and p r e s e n t s  a  
s i m p l e  a n a l y s i s  which i s  used t o  e x p l a i n  some of  t h e  t r e n d s  ob- 
s e r v e d  i n  t h e  r e s u l t s .  

5 .1  A n a l y s i s  

The a n a l y s i s  i s  based  on t h e  f o l l o w i n g  s i m p l i f y i n g  a s s u m p t i o n s :  

1. Q u a s i - s  t e a d y  aerodynamics  
2.  Uniform downwash 
3 .  I n e l a s t i c  b l a d e  
4 .  I n v i s c i d  f l o w  

With r e f e r e n c e  t o  F i g u r e  5-1, l e t  s be  t h e  cho rdwise  c o o r d i n a t e ,  
r t h e  b l a d e  x a d i a l  c o o r d i n a t e ,  t t h e  l o c a l  t h i c k n e s s ,  R t h e  
r o t o r  r o t a t i o n a l  s p e e d ,  0 t h e  f l a p p i n g  a n g l e ,  and 8 t h e  p i t c h  
a n g l e  of  t h e  f r e e  t i p  a t  az imuth  $.  An e l e m e n t  of  mass l o c a t e d  
a t  r ,  s ,  t w i t h i n  t h e  t i p  c o n t r i b u t e s  t o  t h e  p i v o t  moment an  
amount 

t h e n  t h e  i n e r t i a l  moment a b o u t  t h e  p i v o t  i s  

where Ip i s  t h e  p i t c h  i n e r t i a  a b o u t  t h e  p i v o t  

and is  t h e  p r o d u c t  of i n e r t i a  of  t h e  t i p  a b o u t  t h e  p i v o t  
l i n e  and t h e    lade f l a p p i n g  a x i s .  

The c e n t r i f u g a l  f o r c e  h a s  a component i n  t h e  d i r e c t i o n  of  p o s i -  
t i v e  f l a p p i n g ,  

where M F ~  i s  t h e  mass moment of  t h e  t i p  a b o u t  t h e  f l a p p i n g  p i n .  

I n  summary, t h e  c o n t r i b u t i o n s  f rom c e n t r i f u g a l  f o r c e  a r e  a 
moment: MCF, a b o ~ t  t h e  p i v o t  and a f o r c e ,  Z C F ,  normal t o  t h e  
b l a d e  a c t i n g  th rough  t h e  p i v o t .  
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5-1, l e t  Za be t h e  aerodynamic f o r c e  normal  
. i n g  a t  t h e  q u a r t e r  c h o r d ,  Mk be  t h e  a e r o -  
,g a b o u t  t h e  q u a r t e r  cho rd  l r n e ,  MF b e  t h e  

by t h e  p i v o t  on  t h e  t i p ,  and  R ~ I ~  t h e  f o r c e  
e x e r t e d  by t h e  p i v o t  on t h e  t i p .  

Reso lv ing  i n  t h e  d i r e c t i o n  of p o s i t i v e  f l a p p i n g ,  

and t a k i n g  moments a b o u t  t h e  t i p  c e n t e r  of  mass, 

Combining t h e s e  e l i m i n a t e s  t h e  p i v o t  r e a c t i o n  and y i e l d s  

F o r  t h e  c .g .  l y i n g  on t h e  p i v o t , S p  = SG and  t h e  p i t c h  e q u a t i o n  
o f  motion r e d u c e s  t~ 

i . e . ,  t h e  t i p  motion i s  i n e r t i a l l y  uncoupled from t h e  f l a p p i n g  
mot ion  of t h e  b l a d e .  

E x p r e s s i n g  t h e  f o r c e s  i n  terms of t h e  b l a d e  motion 

where C L ~  is t h e  f r e e  t i p  l i f t - c u r v e  s l o p e  

CMo is t h e  q u a r t e r - c h o r d  p i t c h i n g  moment c o e f f i c i e n t  
at. z e r o  l i f t  

x i s  t h e  mean r a d i a l  d i s t a n c e  of t h e  f r e e  t i p  

- 
~ 5 0 ~  4 6 2 e r  . e o  
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a is the tip angle cf attack 

and $ is the tip reference area 

Putting L = SP - c/4, the pitch equation of motion becomes 

i 
where 

/ and if the first harmonic flapping motion is given by 

Assuming a uniform downwash velocity v i ,  the blade angle of at- 
tack is 

If the blade tip pitch motion is 

then by substitution in the equation of motion, and retaining 
only the first two harmonics of the pitching motion, the follow- 
ing set of equations is obtained for the blade pitch angle co- 

I efficients: 

[a, 

- 
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W r i t i n g  

t h e  c o e f f i c i e n t s  aij, A j  a r e  g i v e n  i n  F i g u r e  5-2. 

I n  h o v e r ,  IJ = 0 and y = x 2 ,  and  t h e  s o l u t i o n  y i e l d s  

The i n t e r e s t i n g  f e a t u r e  of t h i s  r e s u l t  i s  t h a t  i n  hover  p i t c h i n g  
motion o f  t h e  f r e e  t i p  f o i l o w s  t h e  f l a p p i n g  mot ion  o f  t h e  main 
b l a d e  and ,  f u r t h e r ,  i f  c y c l i c  p i t c h  i s  a p p l i e d  t o  t h e  main b l a d e ,  

t h e n  t h e  a n g l e  of t h e  f r e e  t i p  r e l a t i v e  t o  t h e  main b l a d e  i s  

where '1): i s  t h e  t w i s t  between t h e  
t i p  of t h e  main blade a n '  x = . 7 5  
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which i s  c o n s t a n t  f o r  a  g iven t h r u s t  c o n d i t i o n .  Thus, t h e  
a n a l y s i s  shows t h a t  a n g l e  of t n e  f r e e  t i p  w i t h  r e s p e c t  t o  t h e  
main b l a d e  w i l l  n o t  change when c y c l i c  p i t c h  is  a p p l i e d  i n  hover .  
Th i s  behav io r  was observed dur ing  t h e  hover t e s t i n g .  

The nose-up momect e x e r t e d  by t h e  p i v o t  on t h e  f r e e  t i p  i s  propor-  
t i o n a l  t o  t h e  c e n t r i - f u g a l  f o r  :e a c t i n g  on t h e  t i p  and can  b e  shown 
t o  be g iven  by 

where d l ,  do a r e  t h e  o u t e r  and i n n e r  d i a m e t e r s  of t h e  h e l i c a l  
c o n t a c t  s u r f a c e  between t h e  f o l l o w e r  p i n  and t h e  
g u i d e ,  

a i s  t h e  h e l i c a l  screw a n g l e ,  
- 
LI i s  t h e  c o e f f i c i e n t  of f r i c t i o n  between p i n  and 

gu ide ,  

and 6 is  t h e  p i t c h  r a t e  of  t h e  f r e e  t i p .  

5 . 2  T e s t  R e s u l t s  

A s  s t a t e d  e a r l i e r ,  t h e  complete tes t  d a t a  i s  p r e s e n t e d  i n  Appen- 
d i x  A.  Only t h e  main p o i n t s  a r e  d i s c u s s e d  h e r e .  

5 . 2 . 1  Hover Performance - 
Hover performance was measured w i t h  t h e  t i p  f r e e  a t  t h e  l i g h t  
weight  c o n d i t i o n .  No d a t a  was t aken  w i t h  t h e  t i p  f i x e d ,  s o  a  
d i r e c t  assessment  of  t h e  e f f e c t  of  t h e  f r e e  t i p  on  hover perform- 
ance cannot  be made. An i n d i r e c t  assessment  was o b t a i n e d ,  how- 
e v e r ,  us ing  t h e o r y .  F i g u r e  5 .4  shows t h e  measured v a ~ r i a t i o n  of 
power wi th  t h r u s t ,  F i g u r e  5.5 shows t h e  cor respond ing  f i g u r e  of  
merit and F i g u r e  5 .6  shows t h e  a n g l e  of  t h e  f r e e  t i p  r e l a t i v e  t o  
t h e  main b lade .  T h e o r e t i c a l  c a l c u l a t i o n s  of  hovel- gsrformance 
were made us ing  Boeing computer program B92 by t r e a t i n g  t h e  f r e e  
t i p  a n g l e  a s  a s t e p  change i n  b l a d e  t w i s t .  The p r e d i c t i o n s  of  
r o t o r  power c o e f f i c i e n t  corresponding t o  t h e  measured t i p  a n g l e s  
and t h r u s t  c o e f f i c i e n t s  a r e  shown on F i g u r e  5 . 4  and t h e  f i g u r e  
of  m e r i t  on F i g u r e  5 .5 .  

Agreement between measured and p r e d i c t e d  performance i s  good and 
shows t h a t  t h e  t i p  a n g l e  was measured c o r r e c t l y .  Also shown on 
t h e s e  f i g u r e s  i s  t h e  p r e d i c t e d  performance f o r  t h e  t i p  f i x e d  
( 6  = 0). A q e n e r a l  r e d u c t i o n  i n  hover  performance i s  p r e d i c t e d  

F O R M  4 0 2 8 4  ( 2  '861 
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f o r  t h e  r o t o r  w i t h  t h e  t i p  f r e e .  A t  CT/a = .088, t h e  r e d u c t i o n  
i n  f i g u r e  of  merit i s  e s t i m a t e d  t o  b e  7%. 

F i g u r e  5.6 shows t h e  v a r i a t i o n  of t h e  s t e a d y  t i p  a n g l e  w i t h  r o t o r  
t h r u s t  c o e f f i c i e n t .  Also shown i s  t h e  p r e d i c t i o n  of  t h e  s imple  
a n a l y s i s  d e s c r i b e d  above. I n  making t h e  c a l c u l a t i o n s ,  t h e  v a r i -  
a t i o n  of  t h e  t i p  l i f t - c u r v e  s l o p e  and aerodynamic c e n t e r  p o s i t i o n  
w i t h  a s p e c t  r a t i o  g iven  i n  F i g u r e s  5.7 and 5.8 was used.  

5.2.2 Forward F l i g h t  Performance 

5.2.2.1 E f f e c t  o f  F ree  T i p  on Power Required 

R e s u l t s  from t h e  forward f l i g h t  t e s t i n g  show t h a t ,  f o r  t h e  same 
p r o p u l s i v e  f o r c e  and l i f t ,  t h e  r o t o r  r e q u i r e s  more power w i t h  t h e  
t i p  f r e e  than  w i t h  it locked.  The d a t a  o f  F i g u r e  5.9 i s  t y p i c a l .  
The p l o t  shows t h e  v a r i a t i o n  of  power w i t h  advance r a t i o  a t  
CT'/U = .06 and x = .05 w i t h  t h e  t i p  f r e e  a t  mid weight  and w i t h  
t h e  t i p  f i x e d .  A t  p = 0.4 ,  t h e  i n c r e a s e  i n  power r e q u i r e d  i s  
23% and a t  u = 0.3 it i s  27%. The cor respond ing  l i f t - t o - e f f e c t i v e  
d r a g  r a t i o s  a r e  shown i n  F i g u r e  5.10. The c o l l e c t i v e  p i t c h  set- 
t i n g s  a r e  p l o t t e d  i n  F i g u r e  5.11,  which shows t h a t  approximate ly  
O.SO less c o l l e c t i . v e  i s  r e q u i r e d  wi th  t h e  t i p  f r e e .  

5.2.2.2 E f f e c t  of  T h r u s t  Level  on T ~ R  Response 

The az imuthal  v a r i a t i o n  of t h e  f r e e  t i p  a n g l e  w i t h  changes i n  
r o t o r  l i f t  is  p r e s e n t e d  i n  F i g u r e s  5.12 through 5.16. The d a t a  
was o b t a i n e d  a t  u = 0.3 f o r  t h e  mid weight  t i p .  The f a c t  t h a t  
p r o p u l s i v e  f o r c e  v a r i e s  from c a s e  t o  c a s e  does  n o t  s u b s t a n t i a l l y  
change t h e  g e n e r a l  t r e n d s  observed.  The f r e e  t i p  a n g l e ,  6 ,  i s  
t h e  a n g l e  of t h e  t i p  measured r e l a t i v e  t o  t h e  inboard  main b l a d e .  
The a n q l e  of t h e  t i p  r e l a t i v e  t o  t h e  d i s c  p l a n e  ( i . e . ,  t h e  l o c a l  
b l a d e  a n g l e ,  eTIP )  was c a l c u l a t e d  knowing 6 and t h e  c o l l e c t i v e  and 
c y c l i c  i n p u t s .  Both 6 and B T I P  a r e  p r e s e n t e d  i n  t h e  f i g u r e s .  

From t h e  p l o t s ,  it can be  s e e n  t h a t  t h e  maximum v a r i a t i o n  of t h e  
r e l a t i v e  t i p  a n g l e  6 o v e r  t h e  azimuth i s  abou t  0 . 3  d e g r e e s  f o r  
CT/a = .0409. A s  t h e  t h r u s t  i s  i n c r e a s e d ,  t h e  average  v a l u e  o f  
6 f a l l s  and more v a r i a t i o n  o c c u r s  around t h e  azimuth u n t i l  a t  
CT','~~ =.12144 fluctuations of 0.8 degrees  o c c u r s  i n  t h e  f o u r t h  
quadran t  o f  t h e  d i s c .  I n  terms of t h e  t i p  b l a d e  a n g l e ,  a ~ ~ p ,  a t  
low CT/a t h e  minimum v a l u e  i s  approximate ly  10 d e g r e e s  and o c c u r s  
a t  $ = 1 5 0 ~ .  The maximum v a l u e  i s  14.5' o c c u r r i n g  a t  330° a z i -  
muth. A s  t h r u s t  i s  i n c r e a s e d ,  t h e  minimum v a l u e  of a ~ ~ p  i n c r e a s e s  
? l i g h t l y  t o  11 degrees  a t  CT/UT = 0.12144 b u t  t h  maximum v a l u e  
r i s e s  t o  25 degrees  a t  310° azimuth.  The l a r g e  b l a d e  t i p  a n g l e s  
encountered  on t h e  f i r s t  and f o u r t h  q u a d r a n t s  s u g g e s t  t h a t  t h e  
t i p  i s  i n  a s t a l l e d  c o n d i t i o n  which would be  c o n s i s t e n t  w i t h  t h e  
i n c r e a s e d  power observed.  

*ORM 46214  ( 2  1661 
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Figure 5 . 9  Comparison of Power Required, Tip Fixed and Free 

S h e e t  5 . 1 5  



~sicl ,  ;FiL. ~ P ~ Q C  t.7 NASA-BOE I NG FREE-T 1 P ROTOR 
OF PQOR punmu BVWT 211 

A T I P  FREE M I D  WEIGHT 

o T I P  FIXED 

FIXED 

0 .1 . 2  . 3  . 4  .5 

ADVANCE RATIO, ,& 

Figure 5.10 Comparison of Rotor Lift-to-Effective Drag Ratio, 
Tip Fixed and Free 
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Figure 5.11 Comparison of Main Blade Collective ?itch, Tip 
Fixed and Free 
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5.2.2.3 E f f e c t  o f  T ip  Weight on T i p  Response 

The e f f e c t  of t i p  weight  and i n e r t i a  on t i p  r e sponse  is  summarized 
i n  F igure  5.17, which shows t h e  az imutha l  v a r i a t i o n  of  r e l a t i v e  
t i p  a n g l e  6 f o r  t h e  t i p  w i t h  mid weight ,  l i g h t  we igh t ,  e x t r a  l i g h t  
weight  and no t i p  we igh t s  added. For a l l  c a s e s  t h e  r o t o r  l i f t  i s  
t h e  same and approximate ly  t h e  same p r o p u l s i v e  f o r c e  is  be ing  pro- 
duced. A s  t h e  t i p  beccmes l i g h t e r ,  t h e  nase-up moment produced 
by t h e  screw c o n t r o l l e r  d e c r e a s e s  and hence it would be expected  
t h a t  t i p  e q u i l i b r i u m  would be  reached a t  p r o g r e s s i v e l y  lower t i p  
a n g l e s .  Th i s  i s ,  i n  f a c t ,  what i s  observed and t e n d s  t o  conf i rm 
t h a t  t h e  t i p  was o p e r a t i n g  f r e e l y .  

Another e x p e c t a t i o n  is  t h a t  t i p  response  would be  i n c r e a s e d  a t  re- 
duced t i p  i n e r t i a  and weight .  Again t h i s  i s  i n  accord  w i t h  t h e  
measured t i p  behav io r ,  a s  can  be seen  from F i g u r e  5.17. 

V i b r a t o r y  Hub Locds 

Throughout t h e  tes t ,  hub v i b r a t o r y  f o r c e s  and moments were 
measured. The 4 / rev  r e s u l t a n t  in -p lane  and out -of-p lane  v i b r a t o r y  
hub l o a d s  a r e  p l o t t e d  i n  Appendix A. I t  shou ld  be  no ted  t h a t  
t h e s e  v i b r a t o r y  l o a d s  are u n c c r r e c t e d  f o r  any dynamic a m p l i f i c a -  
t i o n  t h a t  may have been p r e s e n t  i n  t h e  r o t o r  tes t  s t a n d  and hub. 
The d a t a  shou ld  n o t ,  t h e r e f o r e ,  be used a s  a b s o l u t e  q u a n t i t i e s ,  
though they  may be  used t o  make comparisons between t i p  configu,- 
r a t i o n s .  

A t y p i c a l  f i n d i n g  o f  t h e  t es t  concerning v i b r a t o r y  hub l o a d s  i s  
shown i n  F i g u r e s  5.18 and 5.19. F i g u r e  5.18 compares t h e  4 / rev  
v e r t i c a l  hub f o r c e  w i t h  t h e  t i p  f i x e d  and f r e e .  With t h e  t i p  
f r e e ,  t h e  hub l o a d s  a r e  about double  t h o s e  measured w i t h  t h e  t i p  
f i x e d .  F i g u r e  5.19 p r e s e n t s  t h e  cor respond ing  r e s u l t a n t  4 / rev  
in-plane f o r c e .  I n  t h i s  i n s t a n c e ,  t h e  f r e e  t i p  r educes  t h e  i n -  
p lane  l o a d s  by 45% a t  u = . 3  and by 16% a t  v = . 4 .  

Discuss ion  

The test r e s u l t s  show t h a t  w i t h  t h e  t i p  f r e e ,  r o t o r  performance 
was reduced i n  both  hover and forward f l i g h t .  The measured t i p  
ang le  i n  hover ( F i g u r e  5.6) r e v e a l e d  t h a t  t h e  t i p  was d e f l e c t e d  
nose-up by a s  much a s  1 4 O  r e l a t i v e  t o  t h e  main b l a d e .  Th i s  i n t r o -  
duces an  e f f e c t i v e  p o s ; + i v e  t i p  t w i s t  t o  t h e  r ~ t o r  which i s  i n  t h e  
o p p o s i t e  d i r e c t i o n  t o  t h a t  needed t o  improve hover performance. 
A s  shown by t h e  comparison w i t h  theory  ( F i g u r e s  5.4 and 5 . 5 ) ,  t h e  
reduced hover performance i s  caused by t h e  unfavorab le  t w i s t .  

The f r e e  t i p  was des igned ,  and t h e  p i v o t  l o c a t i o n  s e l e c t e d  e t  
13% chord s o  t h a t  t h e  t i p  would o p e r a t e  a t  a  CL = 1.15 on t h e  re- 
t r e a t i n g  s i d e  of t h e  r o t o r  d i s c  a t  u = .35.  A v a l u e  f o r  t h e  t i p  
l i f t - c u r v e  s l o p e  of 5 . 7 3  pe r  r a d i a n  was used and t h e  aerodynamic 
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A TIP FREE MID WEIGHT 

o TIP F I X E R  

F I XED 
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ADVANCE RAT1 0, ,L' 

Figure 5.18 Comparison of Vertical Vibratory Hub Loads, 
Tip Fixed and Free 
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Figure 5 . 1 9  Comparison of the Inplane Vibratory Hub Loads, 
Tip Fixed and Free 
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c e n t e r  was assumed t o  l i e  on t h e  q u a r t e r  chord  l i n e .  Based on 
t h e s e  c o n d i t i o n s ,  an e f f e c t i v e  a n g l e  o f  a t t a c k  a t  t h e  b l a d e  t i p  
o f  4 "  would be expected i n  hover  a t  6 8 1  f t / s e c  t i p  speed.  I f  t h e  
downwash v e l o c i t y  a t  t h e  r o t o r  i s  assumed t o  b e  g i v e n  by t h e  
momentum r e s u l t  

r 

and t h e  c o l l e c t i v e  by 

then  t h e  expected  v a r i a t i o n  of  t i p  a n g l e  w i t h  r o t o r  t h r u s t  co- 
e f f i c i e n t  would be  a s  shown i n  F i g u r e  5 .6 .  The c a l c u l a t e d  l e v e l s  
a r e  considerably less than  t h o s e  measured. 

The main reason  f o r  t h e  d i sc repancy  between t h e  expected  and 
a c t u a l  t i p  a n g l e s  i s  t h a t  t h e  t i p  l i f t - c u r v e  s l o p e  was over-  
e s t i m a t e d .  The u s e  of  5.73/rad f o r  t h e  o v e r a l l  l i f t - c u r v e  s l o p e  
i m p l i e s  t h a t  t h e  t i p  i s  p a r t  of  a ve ry  h igh  a s p e c t  r a t i o  wing 
w i t h  a uniform l i f t  d i s t r i b u t i o n .  Th i s  over looks  t h e  drop-off  i n  
l i f t  d i s t r i b u t i o n  a t  t h e  b l a d e  t i p  and does  n o t  a d d r e s s  t h e  t en -  
dency of t h e  t i p  t o  behave a s  a  low a s p e c t  r a t i o  s u r f a c e ,  a s  il- 
l u s t r a t e d  i n  F i g u r e  5.20. I t  would be expec ted ,  t h e r e f o r e ,  t h a t  
t h e  t i p  l i f t - c u r v e  s l o p e  would f a l l  c o n s i d e r a b l y  below t h e  two- 
d imensional  v a l u e  used i n  t h e  d e s i g n ,  and t h a t  t h e  aerodynamic 
c e n t e r  p o s i t i o n  would move away from t h e  quar te r -chord  p o i n t  t o -  
ward t h e  l e a d i n g  edge. T h e  v a r i a t i o n  of l i f t - c u r v e  s l o p e  and 
aerodynamic c e n t e r  p o s i t i o n  w i t h  a s p e c t  r a t i o  i s  shown i n  F i g u r e s  
5.7 and 5 .8  and i s  t aken  from Reference 3 .  The combinat ion o f  
t h e s e  e f f e c t s  would t end  t o  i n c r e a s e  t h e  t i p  a n g l e  t o  t h e  l e v e l s  
observed.  With t h e  t i p  o p e r a t i n g  a t  h igh  a n g l e s  of a t t a c k ,  t h e  
iqduced and p r o f i l e  d rag  would be  g r e a t l y  i n c r e a s e d ,  r e s u l t i n g  i n  
much g r e a t e r  power requ i rements .  

The tendency f o r  t h e  t i p  t o  o p e r a t e  a t  h igh  a n g l e s  cou ld  have been 
reduced by lower ing t h e  moment a p p l i e d  by t h e  c o n t r o l l e r .  How- 
e v e r ,  no means was a v a i l a b l e  f o r  a d j u s t i n g  t h e  c o n t r o l l e r  moment. 
This  would be a  d e s i r a b l e  f e a t u r e  i n  f u t u r e  d e s i g n s .  

I n  summary, t h e  r e s u l t s  o f  t h e  t es t  i n d i c a t e  t h a t  t h e  f r e e  t i p  
was o p e r a t i n g  a t  a n g l e s  of a t t a c k  w e l l  beyond t h o s e  in tended  i n  
t h e  des ign .  Th i s  i s  a t t r i b u t e d  t o  t h e  lowered l i f t - c u r v e  s l o p e  
and forward movement of  t h e  aerodynamic c e n t e r  on t h e  low a s p e c t  
r a t i o  t i p .  The h igh  a n g l e s  of  a t t a c k  gave r ise t o  h igh  t i p  d r a g  
and reduced performance. 

SHEET 5.27 





NUMBER D210-11878-1 
REV LTR 

6.0 CONCLUSIONS AND RECOMMENDATIONS 

Conclus ions  - 
A wind t u n n e l  test of a  16.8 ft:. d i amete r  f r e e  t i p  r o t o r  was con- 
ducted  i n  hover  and i n  forward f l i g h t  up t o  an  advance r a t i o  of 
C . 4 .  Based on t h e  test r e s u l t s  and a n a l y s i s ,  t h e  fo l lowing  con- 
c l u s i o n s  a r e  drawn: 

The measured o p e r a t i n g  a n g l e  of  t h e  f r e e  t i p  was much g r e a t e r  
t h a n  t h a t  a n t i c i p a t e d  d u r i c g  t h e  d e s i g n  phase.  T h i s  is  t h e  
primary cause  of  t h e  performance d e g r a d a t i o n .  

Model hover performance was reduced when o p e r a t i n g  t h e  r o t o r  
w i t h  t h e  t i p  f r e e ,  compared t o  t h a t  w i t h  t h e  t i p  f i x e d .  

The model power r e q u i r e d  i n  forward f l i g h t  w i t h  t h e  t i p  f r e e  
was g r e a t e r  than  t h a t  measured w i t h  t h e  t i p  f i x e d  a t  a l l  ad- 
vance r a t i o s  t e s t e d ,  when b o t h  r o t o r s  a r e  o p e r a t i n g  a t  t h e  
same l i f t  and p r o p u l s i v e  f o r c e .  

The l a r g e  o p e r a t i n g  a n g l e  ~ . f  t h e  f r e e  t i p  is  a t t r i b u t e d  t o  
low a s p e c t - r a t i o  t i p  e f f e c t s  which reduce  t h e  t i p  l i f t  e f -  
f e c t i v e n e s s ,  i n c r e a s e  t h e  t i p  induced d r a g  and move t h e  
aerodynamic c e n t e r  forward.  The magnitude of  t h e s e  e f f e c t s  
was n o t  f u l l y  known when t h e  t i p  was des igned .  

Hub 4/ rev  v e r t i c a l  l o a d s  were i n c r e a s e d  when t h e  t i p s  were 
f r e e  compared t o  the  t i p - f i x e d  l o a d s  measured a t  t h e  sane  
o p e r a t i n g  c o n d i t i o n .  

Hub 4/ rev  i-n-plane l o a d s  were reduced w i t h  t h e  t i p  f r e e  com- 
pared t o  t h e  t i p - f i x e d  l o a d s  measured a t  t h e  same o p e r a t i n g  
c o n d i t i o n .  

Recommendations 

Research shou ld  be d i r e c t e d  toward unders tand ing  t h e  complex, low 
a s p e c t  r a t i o  f low c o n d i t i o n s  e x i s t i n g  on t h e  f r e e  t i p .  When 
t h e s e  low a s p e c t  r a t i o  t i p  aerodynamics a r e  unders tood,  t h i s  
knowledge can be  used t o  d e s i g n  a  f r e e  t i p  r o t o r  t h a t  wi!! demon- 
s t r a t e  t h e  f u l l  p o t e n t i a l  of t h e  concep t .  This  r e s e a r c h  e f f o r t  
i s  b e s t  approached by a c ~ m b i n a t i o n  of  a n a l ! , t i c a l  modeling and 
wind t u n n e l  t e s t i n g .  S p e c i f i c a l l y ,  it is  rt~cornmended t h a t :  

1. A wind t u n n e l  tes t  should  be conducted us ing  n o n r o t a t i n g ,  
semispan models of t h e  f r e e  t i p .  The t e s t  would g a t h e r  d a t a  
on t h e  t i p  l i f t ,  d r a g ,  and p i t c h i n g  moment c h a r a c t e r i s t i c s  
over  t h e  f u l l  o p e r a t i n g  Mach number range  a t  c o m b i ~ a t i o n s  of 
main b lade  and f r e e  t i p  a n g l e s  of a t t a c k .  Various t i p  spans  
would a l s o  be t e s t e d  t o  measure t h e  e f f e c t  of t i p  a s p e c t  r a t i o  
on t h e  aerodyriamic c h a r a c t e r i s t i c s .  - 

' O * M  40204  I2 '001 

SHEET 6 . 1  



NUMBER D210-11878-1 
REV L T R  

I n  p a r a l l e l  with the wind tunne l  t e s t ,  a  d e t a i l e d  a n a l y t i c a l  
model of a  f r e e  t i p  r o t o r  should be developed with  t r t t en t ion  
being focused on r ep re sen t ing  t h e  low a s p e c t  r a t i o  t i p  e f -  
f e c t s .  The model would make ex t ens ive  use  of t h e  d a t a  ob- 
t a ined  from the  wind tunne l  t e s t .  

When t h e  a n a l y t i c a l  model i s  completed and v e r i f i e d ,  i t  
should be used t o  des ign  a  f r e e  t i p  r o t o r  t h a t  w i l l  p rovide 
improved performance and reduced v i b r a t o r y  loads .  

An  a l t e r n a t z  means should be explored f c r  providing t h e  t i p  
c o n t r o l l i n g  moment. 
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APPENDIX A. TEST DATA 

Presented  i n  t h i s  Appendix a r e  t h e  b a s i c  d a t a  p l o t s  f o r  a l l  t h e  
f r e e  t i p  r o t o r  c o n f i g u r a t i o n s  t e s t e d .  The d a t a  i s  c u r r e c t e d  
f o r  hub t a r e s .  No c o r r e c t i o n s  were a p p l i e d  f o r  w a l l  e f f e c t s  be- 
cause  t h e  t e s t  was conducted w i t h  t h e  working-sect ion slcts open,  
a c c n f i g u r a t i o n  t h a t  y i e l d s  essent . i .a l ly  f r e e - a i r  c o n d i t i o n s .  The 
r o t o r  advance r a t i o s  and f r e e - t i p  c o n f i g u r a t i o n s  t e s t e d ,  t o -  
g e t h e r  wi th  t h e  paqe number where t h e  d a t a  i s  p r e s e n t e d ,  a r e  
shown i n  t h e  t ab ie -be low.  

I L ' I X E D ,  
~i LIGHT 

WEIGHT 

- - 

FREE, I FREE, 
LIGHT 

WEIGHT WEIGHT 

The terms l i g h t  weight ,  mid weight ,  
and arrangement ~i t h e  t i p  weights .  
A-1. 

The d a t a  p l o t s  a r e  p r e s e n t e d  i n  t h e  

Hover 

CT /a VS. Cp/o 

FM vS. CT / U  

9 . 7 5  v s .  CT /a 

6 v s .  CT / a  

Cp/o -7s. MI, 9 0  

CT / a  v;. M1,90 

6 V S -  M 1 , 9 0  

FREE, 
EXTRA 
LIGHT 
WEIGHT 

FREE, 
NO 

WEIGHTS 

e t c . ,  r e f e r  t o  t h e  number 
These a r e  shown i n  Table  

fo l lowing  o r d e r :  

L 
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OF POOR QUALITY NUMBER 
THE dlm!/Ne COWPANY REV LTR 

Forward Flight 

*L/DE vs* Mlr90 

*Resultant 4/rev Inplane Moment vs. Ml,go 

0 . 7 5  VS. CT'/U 

* * d  VS. CT'/U . . 

Res~ltant 4/rev Hub Vertical Force vs. CT8/u 

Resultant 4/rev Hub lnplane Force vs. CT'/U 

Alternating Blade Torsion at x = .13 vs. CT1/o 

Resultant 4/rev Inplane Moment vs. CT'/U 

*Presented only for tip fixed, light weight, u = . 4  
**Not presented for tip £*xed, since 6 = 0 

The definitions of the quantities presented in the plots are given 
on the following page. 

I 

I F O R M  4 6 2 8 4  I 2  /66 l  

SHEET A-2 



ORlGlNAL PAGE 1s 
NUMBER OF POOR QUALITY REV LTR 

r"= ~ k l ! / N &  COMPANY 

A 

A1c 
B 

Blc 

CP 

C'T 
C 

D 

D~ 
FK 

L 

M1,90 

9 

R 

RHP 

v 
VT 
X - 
X 

as 
6 

9.75 

P 

P 

u 

L I S T  OF SYM3OLS FOR APPENDIX A 

Rotor disc area, T R ~ ,  ft2 

Lateral cyclic pitch, degrees 

Number of blades 

Longitudinal cyclic pitch, degrees 

Rotor power coeff iciant, 550 RHP/~AVT~ 

Rotor lift coefficient, L/~AVT~ 

i3lade chord, ft. 

Rotor diameter, ft. 

Rotor effective drag, 550 RHP v - XI lb 
Rotor figure of merit, . ~ o ~ c ' ~ ~ / ~ / c ~  
Rotor lift, lb 

Advancing blade tip Mach number 

Free stream dynamic pressure, 4pv2 
Blade radius, ft. 

Rotor shaft horsepower 

Tunnel speed, fps 

Rotor tip speed, ips 

Rotor propulsive force, lb 

Rotor propulsive force coefficient, X / ~ D ~ U  

Rotor shaft angle, positive aft, >grees 

Angle of free tip relative to ma1 blade 

Blade collective pitch at .75R, degrees 

Rotor advance ratio, V/VT 

Air density slug/ft3 

Rotor solidity, Bc/nR 

(positive nose 

- 
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APPENDIX B. DATA CROSS PLOTS 

Using the basic  t e s t  data rresented i n  Appendix A ,  extensive  cross  
p lo t s  against  advance r a t i o  were made for  the mid weight condition 
with the t i p  f ixed and w i t h  i t  f ree .  This data i s  presented for  
the following range of  C T/U and E. 

Page 

A t  eacl. H and C V T  the order of  the p l o t s  is  

SHEET B-1 
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